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Recommended Material for Piping and Heat Exchanger

	
Utility
	
Material

	
Boiler Blow Down
	
A106 Gr.B/A672 Gr.B60

	
Boiler Feed Water
	
A106 Gr.B/A672 Gr.B60

	
Cooling Water 
	
A106 Gr.B/A672 Gr.B60

	
LPS/LPC
	
A106 Gr.B/A672 Gr.B60

	
MPS/MPC
	
A106 Gr.B/A672 Gr.B60

	
Nitrogen
	
A106 Gr.B/A672 Gr.B60

	
Plant Air
	
A106 Gr.B/A672 Gr.B60

	
Service Water
	
A106 Gr.B/A672 Gr.B60

	
Fire Foam 

	
A106 Gr.B/A672 Gr.B60

	
Fire Water (AG) 

	
A106 Gr.B/A672 Gr.B60

	
Demineralized Water
	
A312 TP304

	
Instrument Air
	
A312 TP304

	
Fire Water (after filter) 
	
A53 Gr. B/GALV 


	
Potable Water (AG) 

	
A53 Gr. B/GALV. 


	
Potable Water (UG 

	
A53 Gr. B/GALV. 
PE Coated Externally 




	
Chemicals
	
Material

	
Oxygen Scavenger
	
A312 TP304L

	
NAOH Solution 

	
A312 TP304L

	
Phosphate Solution 

	
A312 TP304L

	
Crossion Inhibitor (AG) 

	
A312 TP316L 


	
H2SO4 

	
A312 TP316L 


	
HCL Solution (2~40%) (AG) 

	
CPVC 


	
NaClO Solution (10%) (AG) 

	
CPVC 


	
Lube Oil
	
A312 TP304






	
Process Fluids
	
Material

	
Fuel Gas
	
A106 Gr. B/A672 Gr.B60

	
Natural Gas
	
A106 Gr.B/A672 Gr.B60

	
Methanol Mixtures
	
A106 Gr.B/A672 Gr.B60

	
Process Oxygen

	
B165 N04400 /A312 TP304L


	
Process Condensate
	
A312 TP304L

	
Ammonia Water
	
A312 TP304L

	
Turbine Condensate
	
A312 TP304

	
Hydrogen Gas
	
A106 Gr.B/A672 Gr.B60/ A312 TP304

	
Syngas (H2+CO+CO2)
	
A312 TP304

	
Reformed Gas (H2+CO+CO2)
	
A312 TP321H/ A312 TP304L




	



	Component of Channel Side
	CS
	SS

	Head
	SA-516 70N
	SA-240 304L

	Shell
	SA-516 70N
	SA-240 304L

	Channel Flange
	SA-266 2N
	SA-965 F304L/SA-182 F304

	Pass Partition
	SA-516 70N
	

	Nozzle 
	SA-105N
	SA-182 F304L

	Flange
	SA-105N
	SA-312 TP304L

	
	
	

	Component of Heat Transfer
	
	

	Tie Rod
	SA-36
	SA-479 304

	Spacer
	SA-179
	SA-213 TP304/SA-789/SA-312

	Baffle 
	SA-516 70N
	SA-240 304

	Support Plate
	SA-516 70N
	SA-240 304L

	Partition Plate
	SA-516 70N
	SA-240 304L

	Impingement Plate
	SA-516 70N
	SA-240 304

	Tubesheet
	SA-266 2N
	SA-182 F304/SA-965

	Roller
	SA-36
	

	Bonnet Flange Gasket
	SS304+Flexible Gasket
	

	Body Flange Gasket
	SS304+Flexible Gasket
	

	Hex Bolt
	SA-193 B7
	SA-193 B7/A2-70

	Hex Nut
	SA-194 Gr 2H
	SA-194 Gr 2H/A2-70

	Body Flange
	SA-266 2N
	SA-965 F304/F304L

	Shell Side Shell
	SA-516 70N
	SA-240 304/ SA-387

	Saddle Support
	SA-516 70N/70
	

	Forged Nozzle 
	SA-105N
	

	Flange
	SA-105N
	

	Tubes/U-Tubes
	SA-179
	SA-213 TP304/SA-789

	Sealing Strip
	SA-516 70N
	SA-240 304L

	
	
	

	Suitable Fluid
	Natural Gas
Cooling Water
Methanol
	Demineralized Water
Reformed Gas
Process Condensate



















Valves
Body material selection is usually based on the pressure, temperature, corrosive properties, and 

erosive properties of the flow media. Sometimes a compromise must be reached in selecting a 

material. For instance, a material with good erosion resistance may not be satisfactory because 

of poor corrosion resistance when handling a particular fluid. Some service conditions require 

use of exotic alloys and metals to withstand particular corrosive properties of the flowing fluid. 

These materials are much more expensive than common metals, so economy may also be a 

factor in material selection. Fortunately, the majority of control valve applications handle 

relatively non-corrosive fluids at reasonable pressures and temperatures.

Therefore, cast carbon steel is the most commonly used valve body material and can provide 

satisfactory service at much lower cost than the exotic alloy materials. Specifications have been 

developed for ordering highly corrosion-resistant, high-alloy castings. These specifications 

represent solutions to problems encountered with some of those alloys. These problems 

included unacceptable corrosion resistance compared to the wrought materials, weldability 

issues, and unacceptable lead times. These alloys are also difficult to cast.

The specifications include a foundry qualification process, dedicated pattern equipment, pattern 

alloy qualification, heat qualification, and detailed controls on raw material, visual inspection, 

weld repairs, heat treatment, and nondestructive testing. Designations for these exotic and 

common grades are included in Table 5.36 Designations for Common Valve Body Materials. 

The following descriptions and tables provide basic information on various popular casting 

grades used for control valve bodies. ASTM material designations are included. Use of proper 

ASTM designations is considered good practice and is encouraged in specifying materials, 

particularly for pressure containing parts. Additional engineering

data on these and other materials is included in Chapter 13.
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Cast Carbon Steel (ASTM A216 Grade WCC)—WCC is the most popular cast steel material used for valve bodies in moderate services such as air, saturated orsuperheated steam, non-corrosive liquidsand gases. WCC is not used above 425°C(800°F) as the carbon rich phase mightbe converted to graphite. It is generallywelded without post weld heat treatmentunless nominal thickness exceeds 1-1/4inches (32 mm). Major weld repairsalways receive post weld heat treatment.
Cast Chromium-Molybdenum Steel(ASTM A217 Grade WC9)—This is thestandard cast Cr-Mo grade. WC9 hasreplaced C5 as the standard because ofsuperior casting and welding properties.WC9 has successfully replaced C5 inmost applications, especially in steamand boiler feedwater service. Thechromium and molybdenum provideerosion-corrosion and creep resistance,making it useful to 595°C (1100°F). WC9is generally heat treated after welding.Major weld repairs always receive
postweld heat treatment.
Cast Type 304L Stainless Steel (ASTMA351 Grade CF3)— This is a commonmaterial offering for chemical servicevalves. Cast304L is often preferred fornitric acid and certain other chemicalservice applications. Optimumcorrosion resistance is retained even inthe as-welded condition when properwelding procedures are used. CF3 isnot rated for pressure boundary parts
above 425°C (800°F).
Cast Type 316 Stainless Steel (ASTM
A351 Grade CF8M)—This is the industrystandard stainless steel cast bodymaterial. The addition of molybdenumgives Type 316 greater resistance tocorrosion, pitting, creep, and oxidizingfluids compared to 304 or 304L. It has thewidest temperature range of any standard material: -254°C (-425°F ) to 816°C(1500°F). The castings are heat treated toprovide maximum corrosion resistance. At temperatures above 538°C (1000°F) the carbon content shall be 0.04% minimum.
Cast Type 317 Stainless Steel (ASTMA351 Grade CG8M)—S31700 isessentially S31600 with the nickel andmolybdenum contents increased 1%each. This affords greater resistance topitting than is obtained with S31600.Like S31600, S31700 is completelyaustenitic and non-magnetic. Becauseits strength is similar to that of S31600,it has the same pressure-temperature ratings. CG8M is the casting versionof S31700. It contains considerable amounts of ferrite (15 to 35%), and is,therefore, partially to strongly magnetic.In general, Type S31700 has bettercorrosion resistance than S31600 in certain environments because of its higher molybdenum content. It has good corrosion resistance in many applications such as digester liquor, dry chlorine dioxide and many other pulpand paper environments. For CG8M, the maximum temperature for pressureretaining
parts is 538°C (1000°F).
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Locations in a shell-and-tube exchanger where galvanic corrosion may
occur if different metals are in contact include (a) the tube-tubesheet
junction at the inner face, (b) the tube—tubesheet attachment at the front
face and (c) the baffle hole-tube and baffle-shell contact points.

The galvanic series for various metals and alloys given in Table 18.1
provides the order of the potential difference developed between two
different metals coupled together in an electrolyte, and how galvanic
corrosion is likely to arise. In a bi-metal junction, corrosion will be
greatest if the two metals are far apart in the table and in order to
minimise corrosion the two metals should lie close together in the table.
For example, in a water system having steel pipes and copper fittings,
corrosion of the steel is likely to occur, as it is anodic to the copper.
Despite being made of corrosion-resistant metals, pump shafts and valve
stems may fail in contact with packing material made of graphite which is
well to the cathodic end of the table. Although the relative positions in
the galvanic series is a valuable guide, other factors such as the relative
areas of the anode and cathode, the polarisation characteristics of the
metals and the flow rate, temperature and composition of the electrolyte,
must be considered to determine the intensity of corrosion.
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-other nickel-chromium and nickel-iron—chromium alloys.
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18.8.4 Nickel-chromium-molybdenum alloy {Inconel™ 625)

Inconel 625 contains nominally 61% nickel, 21% chromium, 9%
molybdenum plus iron, niobium and tantalum. It has excellent tensile,
creep and rupture properties and is suitable for temperatures ranging
from cryogenic to 1100 °C, while the various alloying elements enables it
to withstand a wide range of corrosive environments. It provides bolts
having high strength at elevated temperatures. :
- In environments, such as the atmosphere, fresh and sea water, neutral
salts and alkaline media, there is almost no attack. In more severe
corrosive environments, the combination of nickel and chromium
provides resistance to oxidising chemicals, while the high nickel and
molybdenum content provides resistance to non-oxidising environments.
The high molybdenum content in particular makes Inconel 625
exceptionally resistant to pitting in chlorides, even in oxidising acid
conditions, and resistant to crevice corrosion, particularly in sea water
and at elevated temperatures. The high nickel content ensures virtual
immunity to chloride stress-corrosion cracking and provides excellent
resistance to caustic stress-corrosion cracking. Due to the high niobium
content, alloy 625 shows unusual stability after being welded, or when

~ subjected to heat treatments which might cause serious sensitisation in
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In the chemical and process industries, it is resistant to stress-corrosion
cracking in the presence of chlorides, water and dissolved oxygen, and to
general attack and stress-corrosion cracking in sea and saline waters. In
nuclear engineering, it is resistant to primary and secondary water in
pressurised water circuits, including ammoniated and lithium hydroxide
treated primary water and is the standard material for steam generators
of pressurised water reactors. :
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radiant tubes and transfer-line exchangers of ethylene crackers.

Good corrosion resistance is provided against flowing sea water, steam,
mixtures of steam, air and carbon dioxide, acids such as formic, acetic
and proponic (except for the most severe conditions) and salts, both
oxidising and non-oxidising, except halides.

18.8.6 Nickel-iron—chromium-molybdenum—copper alloy
(Incoloy™ 825)

Incoloy 825 was developed to meet corrosive conditions of unusual
severity and contains nominally 42% nickel, 21% chromium, 30% iron,
3% molybdenum and 2% copper. The nickel content is sufficient to make
it resistant to stress-corrosion cracking in chloride environments which
may attack the 300 series stainless steels. Because of this, it is often
selected for thin-wall expansion joints in preference to the stainless steels.
The alloy has been developed to provide optimum stabilisation against
intergranular corrosion.

Many of the applications for the alloy are in sulphuric acid solutions in
a variety of processes where few other materials provide adequate
resistance. These include sulphuric acid (all concentrations up to 65 °C,
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18.85 Nickel-iron—chromium alloys (Incoloys™ 800 and 800H)}

Incoloy. 800 is a high strength, heat and corrosion resistant material
containing nominally 32% nickel, 46% iron and 21% chromium. Incoloy
800H has a similar composition, but has been modified slightly to
enhance creep-rupture strength. An important feature of both alloys are
their relative freedom from stress-corrosion cracking.

The alloys are widely used in petrochemical processing due to their
good resistance to corrosion, which includes resistance to hydrogen
sulphide over a wide range of temperatures and pressures. In addition,
their high-temperature strength enables them to be used for high-
temperature components such as piping, manifolds and waste heat boilers
of steam-hydrocarbon reforming plants, and forthe convection sections,
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The alloy should not be used in a system containing hydrochloric acid
and iron or copper piping. Ferric and cuprous salts, which may develop in
such a system, cause rapid corrosion failure of the alloy.

A reduction in ductility occurs when the alloy is exposed to
temperatures of 538-816 °C. In the presence of oxidising gas, its upper
temperature limit is 538 °C, but in the presence of reducing gases, or
vacuum, it may be used at higher temperatures.

Alloy B-2 is a modified version of alloy B(N10001), not tabulated in
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60% at 80 °C, 40% at boiling temperature), nitric acid at all temperatures
and concentrations up to 65%, wet sulphur dioxide, phosphoric acid at all
temperatures and concentrations up to 85%, sea waters, most organic
acids, ammonia and ammonium hydroxide.

18.8.7 Hastelloys™

A range of alloys, having a nickel content greater than 40%, with varying
additions of molybdenum, chromium, iron, copper and cobalt are known
as Hastelloys, and are produced by the Cabot Corp. Some of these are
listed in Table 18.7 and discussed below.

Nickel-molybdenum alloy (Hastelloy™ B-2)

Hastelloy B-2 is a high molybdenum alloy containing nominally 68%
nickel, 28% molybdenum, with small additions of cobalt, chromium and
iron. It is particularly noted for its resistance to hydrochloric acid at all
concentrations and temperatures, including the boiling temperature. It is
also resistant to hydrogen chloride gas and sulphuric, acetic and

phosphoric acids. It has excellent resistance to pitting and stress-corrosion
cracking
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precipitates in the weld heat-affected zone. It is suitable for most
chemical process applications in the as-welded condition and has excellent
resistance to pitting, stress-corrosion cracking and oxidising atmospheres
up to 1038 °C. It is one of the few metallic materials which will resist the

corrosive effects of wet chlorine gas, hypochlorite and chlorine dioxide
solutions.
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Table 18.7, which is similar in composition, except that the iron content is
4.0-6.0%, cobalt 2.5%, carbon 0.05% with the addition of 0.2-0.4%
vanadium. Resistance to corrosion is the same, but alloy B-2 has
improved resistance to heat affected zone attack so that it may be used in
the as-welded condition in many applications.

Nickel-chromium-molybdenum-iron alloy (Hastelloy™ X)

Hastelloy X has a nominal composition of 49% nickel, 22% chromium,
18.5% iron and 9% molybdenum and possesses exceptional strength and
oxidation resistancc’up to 1200 °C. Because of this, it is used for
high-temperature applications such as furnance components, jet engine
tailpipes and afterburner components. It has been found to be

exceptionally resistant to stress-corrosion cracking in petrochemical
applications.

Low carbon nickel-molybdenum—chromium alloys (Hastelloys™

C-4, C-276 and C-22)

These alloys are modifications of alloy C which was developed in the
1930s. Alloy C-276, with a nominal composition of 59% nickel, 16%
molybdenum, 15.5% chromium, 4% tungsten, 5.5% iron, 2.5% cobalt
and only 0.02% carbon, resists the formation of grain boundary
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as shown in Table 18.7.

These alloys have excellent resnstance to sulphate compounds, flue
gases and acids, such as hot sulphuric, hot phosphoric, contaminated
nitric, fluosilicic and hydrofluoric.
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Table 18.1  Galvanic series for various metals and alloys

Anodic end (corroded end, least noble)

Magnesium and alloys
Zinc

Aluminium and alloys
Cadmium

Steel

Cast iron

13% chrome (active)
Type 304 stainless (active)
Type 316 stainless (active)
Lead

Tin

Muntz metal
Naval brass
Nickel (active)
Inconel™ (active)
Admiralty brass
Aluminium bronze
Red brass

Copper

Aluminium brass

90/10 cupro-nickel

80/20 cupro-nickel

70730 cupro-nickel

Nickel

Inconel™ (passive)
Monel™ (passive)

13% chrome (passive)
Type 304 stainless (passive)
Type 316 stainless (passive)
Silver

Titanium

Graphite

Gold

Platinum

Cathodic end (non-corroded end, most noble)
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Alloy C-4 has a similar composition of 64% nickel, 15.5%
molybdenum, 16% chromium, 3% iron, 2% cobalt, but no tungsten and
only 0.015% carbon. Its properties are similar to alloy C-276, but has
outstanding high-temperature stability as evidenced by high ductility and
corrosion resistance even after long time ageing in the range 649-1038 °C.

- C-22, not listed in Table 18.7, is a more recent low-carbon alloy, which
provides a better overall corrosion resistance than the C-4 and C-276
alloys. Its nominal composition is 55% nickel, 21% chromium, 13.5%
molybdenum, 4% iron and 2.5% cobalt.

Nickel-chromium-iron—molybdenum-copper alloys (Hastelloy™
G and G-3)
Hastelloy G has a nominal composition of 42% nickel, 22% chromium,
19.5% iron, 6.5% molybdenum and 2% copper and is stabilised by the
addition of 2% niobium plus tantalum. Because of its resistance to the
formation of grain boundary precipitates, it may be used in the as-welded
condition, for most applications, but in some cases, solution heat
treatment after fabrication may be necessary to achieve optimum
corrosion resistance. .

Alloy G-3 is an improved version with a slightly modified composition
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7.2 Body Mﬂatverials

Body matena!s shall be selected in accordance with the process fiuid’ charactenstlcs and the
Piping Specification. . . .

Generally, the following materials will apply:

1) Cast Carbon Steel, A216 Gr WCB/WCC or forged carbon steel, A105 is used in
non-corrosive service from -28°C to 427°C. Low-temperature carbon steel, A352 Gr
LCB/LCC can be used down to -46°C (stainless steel may be considered as an
alternative).

2) Alioy Steel, A217 Gr WC1, WC6, WCS9 is used for temperatures above 427°C.
WC9 may also be used for flashing service.

3) Stainless Steel, A351 CF8 is used in flashing service, corrosive service and for
temperatures beiow -28°C.

4) Monel is used in pure oxygen service.
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If a less noble metal, such as steel. is given a painted or similar coating
to protect it from corrosion, it is essential to maintain the coating in good
condition particularly if the steel is in contact with a large area of more
noble metal, such as stainless steel. If the coating develops a small deféct.
a small anodic area will be established in the steel and local corrosion is
likely to be intense due to the unfavourable large stainless-steel cathode/
small steel anode situation.
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cathodic protection systems. (Figure 18.6 shows a typical heat exchanger
header given cathodic protection by sacrificial zinc anodes bolted to the
flat cover).

Galvanic corrosion may be prevented by insulating the metals from
one another using rubber, asbestos or plastic. In a bolted flange system, it
should not be assumed that the provision of a non-conductive gasket
between flanges, and a non-conductive washer under each nut and bolt
head, is sufficient to isolate one flange from the other and it is usually

necessary to provide an insulating sleeve over the complete bolt shank
itself.
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A heat exchanger with thin copper alloy tubes, attached to a thick
steel tubesheet, would appear to be an undesirable construction should
galvanic corrosion occur. In practice, the thin copper alloy tubes (small
cathode) are preserved at the expense of the corroding tubesheet and in a
moderately corrosive environment the large mass of the tubesheet (large
anode) enables a reasonable life to be obtained.

The principles of galvanic corrosion form the basis of cathodic
protection in which a metal to be protected is deliberately made the
cathode of a galvanic cell. Cathodic protection may be achieved by either
the use of sacrificial anodes, or by applying a current from an external
d.c. power source through an inert anode (impressed current system). A
familiar example of the former is galvanised steel where the zinc coating
is the sacrificial anode which corrodes preferentially to protect the steel
sheet. Because they lie well to the anodic end of the galvanic series,
magnesium, zinc and aluminium are often used as the sacrificial anodes in
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In addition to caustic solutions, stress-corrosion cracking ot carbon and
low-alloy steels may occur in the presence of nitrate solutions, mixtures of
sulphuric and nitric acids and calcium chloride brines.

Combinations of metals and their specific corrosive media which may
exhibit stress-corrosion cracking are:

aluminium alloys: sodium chioride solutions

copper alloys: ammonia, amines, mercury salt solutions
Monel™:  hydrofluoric acid

nickel: fused sodium hydroxide, fused potassium hydroxide
type 300 stainless steels: chloride and caustic solutions
titanium: red fuming nitric acid, methanol
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18.2.3 Stress corrosion

~ An insidious form of attack is stress corrosion which results from a
combination of tensile stress and general corrosion from a specific
corrosive medium. It is often difficult to detect because there may be no
apparent loss of metal due to general corrosion, but it ultimately reveals
its presence, without warning, in the form of cracks — which may be
intergranular or transgranular — and is commonly known as stress-
corrosion cracking. Failure may occur in a few hours or many years, at
any stress level, in almost all metals and alloys. It is achieved more
quickly under the combined action of stress and corrosion than either by
itself.

Locations in a shell-and-tube heat exchanger where stress-corrosion
cracking may occur include cold-worked parts such as U-bends and
roller-expanded tube ends.

An early example of stress-corrosion cracking was the ‘season cracking’
of brass, so called because brass cartridge cases failed due to the presence
of ammonia in heavy seasonal tropical rainfail. Another early example
was the ‘caustic embrittlement’ of steel. Explosions occurred in riveted
boilers of steam locomotives and subsequent investigation of stressed
areas around the river holae revealed cracks and the presence of sodium
hvdroxide (caustic). ™
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environment, based on similar service experience. If such information is
not available, the likelihood of stress-corrosion cracking will be lessened
if tensile stresses, stress-raising features and cold work are minimised. If
the equipment is not too large and vital mechanical properties of the
metal are not impaired, the most effective measure is heat treatment to
relieve internal stresses. Stress relief of carbon-steel equipment is often
carried out under such conditions without difficulty, but the heat-
treatment temperature for austenitic stainless steels is so high that
distortion of the equipment may occur.

Other methods of combating stress-corrosion cracking include (a) shot
or hammer peening of the surfaces to introduce compressive stresses, (b)
the introduction of inhibitors to the corrosive media and (c) the
application of surface coatings and cathodic protection. However, these
methods should be applied with caution. Corrosion of a surface layer,
initially in compression, may induce tensile stresses, surface coatings may
develop porosity and other defects, and evolved hydrogen arising from
cathodic protection may increase cracking.
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It should be noted that stress-corrosion cracking can occur even with

concentrations of chlorides as low as 3 p.p.m.
At the design stage, the obvious measure to avoid stress-corrosion

cracking is to select the correct material, in relation to its operating
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In the case of deposit corrosion, flow passages should be designed to
avoid stagnant areas and ensure complete drainage. Fluid velocities
should be sufficiently high to discourage solid matter from settling, but
this may only be successful if the unit is operated continuously at near-full
design throughput. Deposits may settle when the throughput is reduced
considerably and may still adhere to the surfaces when the throughput is
later increased, in which case regular, thorough cleaning is necessary. If
chemical cleaning is carried out, subsequent washing or steaming out is
essential to remove all traces of the cleaning fluid from likely crevices.
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18.2.4 Crevice corrosion

Localised corrosion, often intense, may occur in stagnant crevices, or
shielded areas in contact with the corrosive media and is termed crevice
corrosion. Locations in a shell-and-tube exchanger, where crevice
corrosion may occur, are (a) the gap between tube and tube hole at the
inner tubesheet face, (b) the tubesheet-shell attachment of fixed
tubesheet exchangers (Fig. 2.15), (c) the surface beneath absorbent
gaskets and (d) under bolt heads.

Deposits of dirt and corrosion products also provide shielded areas
under which crevice corrosion can occur and for this reason it is
sometimes termed ‘deposit corrosion’.

The presence of a crevice, or shielded area, does not necessarily mean
that corrosion will occur, and it depends on the particular metal/fluid
combination. Prevention of corrosion consists of either changing the
metal or eliminating the crevice by a change in design. Internal bore
welding described in section 2.16.2 is designed to eliminate the gap
between tube and tube hole. A change in gasket material to a non-
absorbent metallic or plastic type prevents the capillary action associated
with absorbent, fibrous gaskets.
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18.2.6 Pitting corrosion

A particularly destructive form of corrosion is that due to pitting in which
intense localised attack results in pits or holes in the metal, the pits
having a depth about the same size as the diameter at the surface. The
pits are usually small and therefore difficult to detect, particularly if they
are obscured by dirt or corrosion product, and complete failure may be
sudden. Although only a small quantity of metal is lost, a single small
hole in the wall of a heat exchanger tube, for instance, renders it useless.
Once pits begin to form, the attack usually proceeds at an accelerated
rate, so that an increase in corrosion allowance of a component provides
no protection.

It is not clear why pitting occurs in particular areas and leaves other
identical areas unscathed, but the surface finish is regarded as an
important factor. Pitting is more likely to occur where the surface has
rough areas or scratches. Freedom from pitting during laboratory tests
does not guarantee immunity in service. |

In the design of exchangers the use of materials which are known to be
immune from pitting corrosion, based on similar service experience, is the
safest procedure, but pitting is likely to be minimised if the measures
described earlier to resist deposit corrosion are adopted.
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overcome by the correct choice of metal.

Cavitation is a special form of erosion corrosion caused by the growth
and collapse of vapour bubbles in a liquid adjacent to a metal surface.
The attack is caused by both chemical and mechanical action in which the
collapsing bubble is capable of removing the protective film and the metal
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itself from the surface. Another special form of erosion corrosion is
fretting which may occur when two surfaces slide over one another with
repeated oscillatory motion under load. Corrosion may occur when cither
frictional heat oxidises the metal, which then wears away, or when the
protective layer of oxide or corrosion product is removed by mechanical
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18.2.6 Erosion corrosion

Erosion is the physical deterioration of a metal surface due to the action
of the fluid flowing over it, and the wear will be increased if the fluid
contains solid particles in suspension. If the attack is intensified by
corrosion, the process is termed erosion corrosion. It is revealed as
grooves, waves or holes in a pattern related to the direction of the
flowing fluid. As expected soft metals, such as copper and lead, and
metals which depend on a surface film for corrosion resistance, such as
aluminium and stainless steel. are particularly prone to erosion corrosion.

The location in a shell-and-tube heat exchanger which is particularly
prone to erosion corrosion is the initial 100-150 mm of the internal tube
surfaces at the inlet end, where high turbulence exists.

Erosion corrosion in this area may be prevented by the provision of
tube-end inserts. These consist of 100~150 mm long metallic or plastic
tubes. sometimes flared or collared at the inlet end, which make a tight
fit inside each tube. The exit end of the insert is feathered in order to
provide a gentle transition from the insert to the tube, thus preventing
erosion corrosion occurring in the tube just beyond the exit of the insert.
If metallic inserts are used, the metal should be chosen to avoid galvanic
corrosion. In most cases, however, the problem of erosion corrosion is
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Table 18.2 Desirable velocity ranges for water flowing
inside tubes®)

Metal Velocity range (m/s)
Steel (‘fresh’ water) 0.8-1.5
Copper 0.9-1.2
Admiralty brass 0.9-1.8
Aluminium brass - 1.2-24
Aluminium bronze 1.8-2.7
90/10 cupro-nickel 1.8-3.0
70/30 cupro-nickel 1.8-4.5
Monel 1.8-4.5

Stainless steel — type 316  2.4-4.5

Notes:
(1) Salt water unless otherwise stated.
(2) Maximum water temp. = 43 °C salt.= 50 °C ‘fresh’.




image20.png
means. In either case exposure of unprotected surfaces leads to continual
corrosion and the parts may be damaged by seizing or galling. Flow-
induced vibration may cause damage of this nature when tubes pass
through the shell-side baffles of a shell-and-tube exchanger, particularly if
the baffles are harder than the tubes. Table 18.2 lists desirable velocities
for water flowing inside tubes of various alloys.
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1828 Intergranular corrosion

Intergranular corrosion is preferential corrosion at or adjacent to grain
boundaries, with little corrosion of the grain itself. It is also called
intercrystalline corrosion. The metal may disintegrate but will certainly
suffer loss of strength and ductility. )

Certain austenitic stainfess steels are particularly prone to intergranular
corrosion when they are heated to 500-800 °C, which in the case of
welding, is achieved about 3 mm or more from the weld, rather than
immediately adjacent to it. This type of attack, known as weld decay, is
described in section 18.7.1.
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18.2.7 Selective leaching

Selective leaching, or parting, is the selective removal of one metal
constituent from an alloy by corrosion. A well-known example is
dezincification of 70/30 brass (70% copper, 30% zinc) where the zinc is
preferentially attacked to leave a porous mass of copper which has no
strength or leak-tightness. The problem is solved by the addition of
inhibitors such as antimony, arsenic, phosphorus or tin to the alloy.

Another example is the graphitisation of grey cast iron in weak acid
solutions, for example, where selective leaching of the ferrous matrix
leaves a porous mass of graphite. White, malleable and ducnle cast irons
do not exhibit this feature.
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UNS number range ;AIIay

A00001-A99999 aluminium and its alloys

©00001-C99999 copper and its alloys

S00001-S99999 heat- and corrosion-resistant stainless steels
N00001-N99999 nickel and its alloys )
R50001-R59999 titanium and its alloys (not numbered in

ASME or ASTM at present)

Numbering systems of American organisations, such as the Aluminium
Association (AA numbers), the Copper Development Association (CDA
numbers) and the American Iron and Steel Institute (AISI numbers) have
retained some identity. The UNS numbers incorporate these numbers by
the addition of digits as necessary.
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18.3 Materials and numbering system

A huge variety of materials is used throughout the world for heat
exchanger construction and identical materials exist under a variety of
numerical designations and trade names. In order to present a consistent
system, all metals described in this chapter, with the exception of a small
number of proprietary alloys, are listed in ASME (1986), Section VIII,
Division 1, being typical metals used in heat exchanger construction.
They also have an ASTM specification (American Society for Testing and
Materials). Most of the technical data have been provided by material
suppliers, but addition data have been taken from Gackenbach (1960).
Kirby (1980), Perry and Green (1984), Pickering (1979) and Sedriks
(1979).

Inevitably certain alloys become well known by the trade names of
their makers; some are proprietary, but many, having almost identical
properties, are produced by other makers. To minimise confusion, the
Unified Numbering System (UNS) was established in 1974 by ASTM and
the American Society of Automotive Engineers (SAE). Every alloy is
identified by a five-digit number, preceded by a code letter, which

identifies the basic metal. The system related to alloys listed in Tables
18.4-18.7 is as follows:
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18.4.1 Types of carbon steel

There are three types of steel, related to deoxidation practice, namely,
rimmed, semi-killed and killed. In the steel-making process, oxygen is
used to remove excess carbon from the molten metal in order to achieve
the required carbon content in the finished steel. Carbon monoxide,
formed by the combination of oxygen and carbon in the melt, bubbles to
the surface but some oxygen may remain dissolved in the melt, which will
influence the quality of the finished steel. The control of dissolved oxygen
in the molten metal, before and during casting, is termed deoxidation
Ppractice.
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18.4 Carbon and low-alloy steels

The most widely used metals for construction in the process industries are
iron, carbon steel, and low-alloy steel. In the case of heat transfer
equipment, cast iron is sometimes used for low-pressure applications such
as headers for shell-and-tube exchangers in cooling-water service, cascade
coolers and components for boilers and economisers, but its usage is
small in relation to carbon and low-alloy steels. ‘Low-alloy’ steels for heat
exchangers and pressure vessels relate to steels alloyed chiefly with
chromium (max. 9% with negligible nickel present), nickel (max. 9%
with negligible chromium present) and molybdenum (max. 1%). Other
clements which may be added intentionally in definite quantities include
aluminium, boron, cobalt, tungsten and vanadium. Alloys of iron and
carbon containing less than 1.7% carbon are regarded as Steels, but for
heat exchanger construction, which involves rolling, cutting, welding, etc.,
the carbon content is usually less than 0.35%.
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used in heat transfer equipment. As it is suitable for many hydrocarbons
and natural waters, it is widely used in petroleum and petrochemical
applications. It is attacked by all concentrations of hydrochloric,
phosphoric and nitric acids, but resists sulphuric acid at all concentrations
above 70% and temperatures below 50 °C. and hydrofluoric acid at all
concentrations above 80% and temperatures below 65 °C. It is resistant to
alkalis such as sodium hydroxide, carbonate and phosphate. Hot
concentrated atkalis are particularly aggressive and stressed parts are
liable to stress-corrosion cracking. Hot dry gases such as sulphur dioxide,
hydrogen chloride and chiorine do not affect steel, but if water vapour is
present, severe attack may occur once condensation begins.
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Rimmed steel is cast into ingots with no attempt made to remove
oxygen and therefore considerable reaction between carbon and oxygen
occurs in the melt. The finished steel has a smooth, homogeneous surface
or rim, but lacks chemical homogeneity and is used where a superior
surface finish is required. The manufacture of killed steels represent the
opposite procedure in that deoxidisers in the form of aluminium or -
silicon, or both, are added before pouring into the ingot mould. These
elements combine preferentially with the oxygen in the melt so that little
reaction occurs between oxygen and carbon. This steel has a
homogeneous structure and may be produced with a fine or coarse grain.

Deoxidising practice for semi-killed steels falls between those for
rimmed and killed steels. Semi-killed steels are only partially deoxidised
and as expected properties fall between those of rimmed and killed steels.
They are used for plates and bars, but unlike the killed steels are not
produced to a controlled grain size.

18.4.2 Corrosion resistance

Because of its versatility in almost every shop operation, teady
availability and low cost in relation to other metals, carbon steel is widely
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partial pressure for various low-alloy steels and carbon steel. The graphs
in Fig. 18.1 are known as ‘Nelson curves’ as they were developed over
many years by G. A. Nelson.

Consider a hydrogen-bearing gas at 450 °C in which the hydrogen
partial pressure is S MPa abs. If the curves of Fig. 18.1 are entered
horizontally at 450 °C and vertically at 5 MPa, the coincident point lies
between alloys 2 and 3. For safety, the higher number would be selected,
i.e. number 3 which is a 1% chrome-}% molybdenum low-alloy steel.

When stainless-steel clad plate is used for economy, the backing steel
must still be selected from the ‘Nelson curves’ as hydrogen is able to
migrate through the stainless-steel cladding.

Heat exchanger units in hydrogen service may have a large
temperature range on each side such that several shells in series are
required for the duty. Table 19.3(f) shows that the cost factor for
low-alloy steel plate, in relation to carbon steel, is about 1.7-2.4. For
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18.4.3 Hydrogen attack

Gases containing hydrogen may decarburise steel depending on
temperature and hydrogen partial pressure and the hydrogen attack may
occur as surface decarburisation or internal decarburisation. High
temperature and low partial pressure promotes surface attack; modest
temperature and high partial pressure promotes internal attack. In surface
decarburisation carbon migrates to the surface where it combines with
hydrogen, and oxygen if present, to form methane and carbon monoxide.
The surface is depleted of carbon resulting in loss of strength and
hardness, but with an increase in ductility. In the case of internal
decarburisation, hydrogen permeates the steel and reacts with carbon to
form methane, which cannot diffuse out. The methane accumulates in
voids, many of which are at grain boundaries, to develop stresses
sufficient to fissure crack or blister the steel.

To overcome this, carbide stabilizers such as chromium and
molybdenum are added to steel in various proportions to produce a range
of steels known as low alloys. (These are often referred to as ‘carbon-
molys’ and ‘chrome-molys'.) The low-alloy steels are considered for use
when hydrogen-bearing gases are involved. termed ‘*hydrogen service.
The selection of the steel is based on data provided by Fig. 18.1, for
example, which relate maximum operating temperature to hydrogen
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safety, every shell could be made from the particular low-alloy steel
which will resist hydrogen attack at the highest temperature in the

system, but there is a significant cost incentive not to select a more
expensive alloy than necessary. Some purchasers will allow the designer
to select the appropriate alloy from the ‘Nelson curves’ for the shell-and-
tube sides independently, in each shell, according to the calculated
temperature on each side. For example, a multi-shell-in-series system may
have all 21% chrome-}% moly alloy in the hottest shells, all carbon steel
in the coldest shells, with other chrome-moly or carbon-moly alloys for
the various components of intermediate shells.
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Hydrogen partial pressure (MPa abs.)
Key
No. Steel . Steel
1 | Carbonsteel §4 | 2.0Cr-0.5Mo
2 0.5Mo 5 | 225Cr-1.0 Mo
3| 1.0Cr-05Mo | 6 | 3.0Cr-0.56Mo
3A|1.25Cr-05Mo || 7 | 6.0Cr-0.5 Mo
- - - Surface decarburisation
— Internal decarburisation
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failures occurred in the hulls of welded ships (Liberty ships) sailing in
Arctic waters during World War Two. Brittle fracture is an insidious
low-energy fracture which usually occurs without prior deformation and
therefore without warning. It is the opposite of ductility which is the
property of a metal to experience plastic deformation without fracture.
The temperature at which the fracture characteristics of a metal changes
from ductile to brittle, and vice-versa, is termed the transition
temperature. In selecting a steel for low-temperature use, its transition
temperature must be below the minimum operating temperature.
Toughness is the resistance of a material to fracture following plastic
deformation, expressed in terms of the energy required to cause fracture.
An indication of toughness is provided by Charpy impact testing. The test
specimen is usually a square bar, 10 mm X 10 mm in cross-section, 55 mm
long. which has a 45° V-notch, 2 mm deep, prepared in the centre of the
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The strength of carbon steels falls rapidly above about 400 °C, whereas .
many of the low-alloy steels provide greater strengths at this temperature ~
and maintain reasonable strength up to 540 °C. Oxidation limits for steels
in air and steam are about 500 °C and 425 °C respectively; for the
low-alloys the corresponding values, which increase as the chrome content
increases, are about 525-650 °C and 450-600 °C.

18.4.4 Low-temperature service

Unlike stainless steels and the alloys of aluminium, copper, nickel and
titanium, carbon and low-alloy steels are prone to the phenomenon of
brittle fracture at low temperatures. Surprisingly most failures have
occurred at temperatures as high as 0°C to +20 °C. Brittle fracture of
steel has been recorded since the end of the last century, but many
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water used for hydraulic testing may be a governing factor. The designer
then has the choice of selecting materials to suit the test water
temperature or heating the test water to a higher temperature, in order to
avoid the use of impact-tested materials. If the test water is heated, the
name-plate must state this so that the same or higher site water
temperature is used for retests at site.

In addition to the use of impact-tested materials to increase resistance
to brittle fracture, post-weld heat-treatment is one of the most important
operations to achieve this. It may also eliminate the need for impact-
tested materials. Other factors which increase resistance t0 brittle fracture
are (a) increasing the manganese/carbon ratio either by increasing the
former or decreasing the latter, (b) using fully killed steels having
deoxidisers of silicon or aluminium. (c) adding nickel to the steel, (d)
refining the grain with niobium, (e) normalising after rolling and (f)
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face on one side. It is supported at each end and broken through the
notch by being struck with a falling pendulum. The amount by which the
pendulum rises after impact is an indication of the energy absorbed by
the specimen. The required test temperature is achieved by cooling the
specimen in a cold medium, such as dry ice and acetone for temperatures
down to —75 °C, dry ice and pentane, for lower temperatures down to
—100 °C, and liquid nitrogen for even lower temperatures.

Charpy test specimens are taken from samples of the parent metal at
the steel mill. In addition, specimens are taken from production test
plates, which comprise plates welded together using a welding procedure
identical to that in the actual unit. All specimens are taken across the
weld, some being notched in the weld metal itself and others notched in
the metal adjacent to the weld (heat affected zone (HAZ)).

The design code supplemented by purchasers’ own requirements will
specify when impact tests are required, together with the required impact
test temperatures and the corresponding impact-test values which must be
achieved. Impact-test temperatures and values are related to the
component material and its thickness, whether the component is welded,
and whether it is post-weld heat-treated. In determining impact-test
temperatures, consideration must be given to the operating temperatures,
particularly winter operation, start-up, shutdown and hydraulic testing.
When considering brittle fracture above 0°C, the temperature of the
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Table 18.3 Selection of steels for service below —50°C

Liquefied gas

Service Steel
temp (°C) temp (°C)
~51 to ~100 34% nickel carbon dioxi_de -78
écetylene -84
ethane —88
~101 to —120 5% nickel ethylene -104
—121 to —196 9% nickel methane -162
oxygen -183
argon ~-186
nitrogen -196
—197 to —269 36% nickel or hydrogen -253
austenitic
stainless helium -269
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avoiding notch-like defects, such as sharp changes in section,
undercutting, excessive reinforcement, slag inclusions, etc., during
fabrication. ’

Table 18.3 gives the selection of steels containing various quantities of
nickel for use at temperatures below —50 °C. The 36% nickel steel is

known as Invar™ which is noted for its low thermal expansion
characteristics.
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Table 18.4 Composition of some aluminium alloys

Alloy UNS % composition (max. except where stated)®
number

Mg Mn Zn Si Fe Cu Cr Ti
1060 A91060  0.03 0.03 0.05 0.25 0.35 0.05 — 0.03
1100 A91100 — 0.05 0.10 (Si + Fe) = 1.0 0.05-02 — —
3003 A93003 — 1.0-1.5 0.10 0.6 0.7 0.05-02 — —
3004 A93004 0.8-1.3 1.0-1.5 025 03 0.7 0.25 — —
5052 A95052 22-28 010 0.10 0.25 0.4 0.10 0.15-0.25 —
5083 A95083 4.0-49 04-1.0 025 0.4 0.4 0.10 0.05-0.25 0.15
5086 A95086 3.5-4.5 02-07 025 0.4 0.5 0.10 0.05-0.25 0.15
5154 A95154 3.1-39 0.10 0.20 0.25 0.4 0.10 0.15-0.35 0.20
5454 A95454 24-30 0.5-1.0 0.25 0.25 0.4 0.10 0.05-0.2 0.20
5456 A95456 4.7-5.5 05-1.0 025 0.25 0.4 0.10 005-0.2 0.20
6061® A9061 0.8-1.2 0.15 0.25 04-08 0.7 0.15-0.4 0.04-0.35 0.15

072 A97072 010 0.10 0.8-13 (Si+ Fe)=07 0.10 — —

Notes: :

(1) Alclad 3003. This alloy in the form of plate and tube may be clad with 7072 alloy.

(2) Alclad 3004 and 6061. These alloys in the form of plate may be clad with 7072 alloy.

(3) Balance = aluminium.

(4) Published by permission of ASTM, 1916 Race St, Philadelphia, Pa 19103, USA (Part 7).
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18.5  Aluminium and aluminium alloys

Low density is the special property of aluminium and its alloys being only
one-third of that of steel. They also offer an atiractive appearance, high
thermal conductivity, excellent resistance against corrosion from the
atmosphere, salt water and a variety of chemicals, ease of fabrication,
and excellent low-temperature strength and shock-resistance properties
(as low as —269 °C for liquid helium). In addition, they are non-sparking
and non-toxic.

18.5.1 Designation system

The compositions of some aluminium alloys, which are regarded as being
readily weldable and are used in pressure vessel and heat exchanger
construction, are given in Table 18.4. It will be noted that wrought alloy
designations are divided into groups 1000, 3000, 5000, 6000 and 7000, the
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resistance, thermal conductivity and ease of fabrication. Alloys from the

other groups are used when greater strength is required although their
corrosion resistance is usually less.
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18.6.2 1000 group

These are high-purity metals in which the aluminivm content is not less
than 99.00%. They are used extensively except where high strength is
required because they offer excellent properties relating to corrosion
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first digit being the major alloying element as follows:

Strength
Group Major alloying elements mechanism

1000 Aluminium, 99.00% and greater SH

3000 Manganese SH

5000  Magnesium SH

6000  Magnesium and silicon HT

7000  Zinc HT
Not listed in Table 18.4

2000  Copper HT

4000  Silicon NHT

SH = strain hardenable; HT = heat treatable;
NHT = mostly non-heat treatable

In the 1000 group only, the last two digits are indicative of the
aluminium content above 99.00%. These are the figures to the right of
the decimal point and to cover the range 99.00-99.99% they will have a
value between 00 and 99. For example, alloy 1060 in Table 18.4 has an
aluminium content of 99.60%.

In the remaining groups, the last three digits are indicative of the
alloy’s composition.
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18.5.3 3000 group

These metals, which have manganese as the main alloying element, offer
similar properties as the 1000 group but with the advantage of higher
strength. The alloys are widely used in heat exchangers.

18.5.4 5000 group

Magnesium is the main alloying element, but some of the alloys contain
significant quantities of manganese. The strength of these alloys is
considerably greater than the 1000 and 3000 groups. The 5000 group
alloys listed in Table 18.4 with a magnesium content greater than about
31% (i.e. alloys 5083, 5086, 5154 and 5456) are limited to an operating
temperature of about 65 °C because they are susceptible to stress-
corrosion cracking. The alloys are widely used in cryogenic equipment.
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18.56.5 6000 group

Magnesium and silicon are the main alloying elements of the 6000 group
which offer good corrosion resistance, ease of fabrication and medium
strength.

18.5.6 7000 group

Several alloys are available in this group, in which zinc is the main
alloying element, but only 7072 is listed. Its special significance is that it
may be bonded metallurgically to aluminium alloys, such as 3003, 3004
and 6061, to act as a sacrificial anode and protect the base alloy. The
process is termed Alclad and may be applied to plate and either the
internal or external surface of a tube when the two alloys are drawn
together during manufacture. The cladding thickness, as a percentage of
the composite thickness is about 5% for plate, 10% for the inside of a
tube and 7% for the outside of a tube.
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185.7 Protection of steet with aluminium

Although they provide excellent corrosion-resistant properties, aluminium
and its alloys have the disadvantage of low mechanical strength in relation
to steel. In addition, the strength of aluminium and its alloys decreases
sharply above 150 °C. A material which combines the corrosion resistance
of aluminium with the strength of steel, particularly at high temperatures,
is required.

Steel-aluminium alloys

It is possible to produce steel-aluminium alloys which provide the desired
properties. Depending on the aluminium content (usually 6-20% by
weight), such alloys exhibit equal or better resistance to high-temperature
hydrogen sulphide attack, for instance, than high-chrome steels (section
18.7.3) or austenitic stainless steels (section 18.7.1). Although the
addition of aluminium to the alloy increases both tensile and yield
strength, the aluminium content required to ensure adequate corrosion
resistance causes considerable loss of ductility and hence difficulty in
fabricating equipment.
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Alclad provides excelient protection against pitting. The cathodic
protection provided by the cladding is such that once the pit reaches the
cladding/base metal interface, the pit increases in diameter but not in
depth. Even after the cladding has been penetrated over a wide area, the
base alloy will not be attacked until the cladding has almost disappeared.
Because the cladding does not have to provide complete coverage,
exposed areas due to welding or tube end expansion, are protected by the
adjacent cladding. As an example, some all-aluminium exchangers having
internal Alclad tubes have operated without deterioration from river
water for over fifteen years.
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component requires careful handling during fabrication to avoid damage
to the coated surface. At high temperature such coatings are liable to
melt or flake-off, unless carefully applied.

Aluminising — vapour diffusion

A true aluminium-iron alloy surface layer may be produced by the
technique of vapour diffusion aluminisation known as calorising.
Calorising is a generic term which refers to the alloying of one material
into another through a high-temperature process. Alon Processing Inc.
provide a proprietary vapour diffusion (or calorising) process called
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Aluminium clad steel
Another method of achieving the required properties is to explosively
clad a backing plate of steel with a thin sheet of aluminium alloy as
described in section 18.10.3. This is ideal for tubesheets, but as
aluminium cannot be welded directly, or weld deposited, to steel, the
fabrication of clad barrels and headers, shown in Fig. 18.3, is not
possible.

Bi-metal tubes, as described in sections 1.5.5 and 18.10.1 may be used
in conjuction with clad tubesheets.

Aluminising — spraying and dipping
Aluminium-coated steel is another method of achieving the required
properties. The coating is obtained by aluminising in which the steel
component is either dipped into a bath of molten aluminium, if it is not
t0o bulky, or molten aluminium is sprayed on to the surface to be
protected. Both methods may be applied to steel headers and similar
components, after completion of all welding adjacent to the aluminium
coating.

Great care must be taken with both dipping and spraying techniques to
ensure that the coating is continuous without pin-holes, etc. Even a small
imperfection may cause rapid corrosion over the whole surface. The

I O P
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both surfaces. The maximum size for fabrications is about 1.8 X 1 X 6 m

long (6 x 3 x 20 ft). Alonized material may be cold-formed provided the
maximum metal elongation does not exceed 8%. If more severe forming

is required, heating to 650 °C is recommended, where elongations greater
than 25% can be accepted.

Alonized tubes are attached to the tubesheet using the same rolier,
rubber and hydraulic expansion techniques described in Chapter 2. If the
tubes are Alonized on the outside, the tube ends are left plain on the
outside for a length equal to the tubesheet thickness, less 0.8 mm
(1/32 in), by masking. Because of dimensional changes which occur
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Alonizing™ which provides an especially deep iron-aluminium surface
fayer.

The Alonizing process is performed by loading the steel in a retort and
surrounding it with a mixture of blended aluminium powders. The retort
is then hermetically sealed and placed in an atmosphere-controlled
furnace. At elevated temperatures, the aluminium diffuses deeply into the
steel to form an iron-aluminium alloy. The depth of alloy penetration can
be varied by changing process times and temperatures, but the standard
depths are 0.25-0.38 mm (0.010-0.015 in) for carbon steel and 0.08-

0.2 mm (0.003-0.008 in) for stainless steels. The approximate aluminium
content of the alloy is 50% at the surface and 20% throughout the entire
diffusion zone.

It should be emphasised that Alonizing is not a coating, but a true
alloy which can only be removed by machining. This means that Alonized
steels have no surface flaws and do not require special handling during
fabrication. Alonized steels should be treated in the same manner as
non-Alonized steel. In addition, Alonized steels are readily welded
without damage to areas adjacent to the weld.

An important feature is that tubes, both plain and finned, may be
Alonized. Tubes 6-762 mm (0.25-30 in) in diameter and up to 17.7 m
(58 ft) long may be Alonized on the inside only, or the outside only, or
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steels.

One of its widest applications is in sulphuric acid plants and the
suppliers claim that no other metal, at any price, is able to offer such
effective high-temperature (230-1000 °C) corrosion resistance from
hydrogen sulphide, sulphur dioxide and sulphur trioxide. The absence of
corrosion is, of course, accompanied by the absence of fouling (discussed
in Chapter 8), with the advantages of longer on-stream performance and
reduced maintenance COsts.
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during Alonizing, an increase in hole diameter of about 0.25 mm (0.01 in)
is required compared with. plain tubes. Grooving of the tube hole and
belling or flaring of the tube ends are not recommended. Unusual tube
and tubesheet material combinations may.require a test block to
determine the optimum expander torque, as described in Chapter 2.

The cost of Alonizing both tube susfaces is only slightly greater than
Alonizing one surface. As an approximation, the plain carbon-steel tube
costs given in Table 19.3(b) should be increased by a factor of 2.0-3.0 to
cover for Alonizing. It should be noted that if tube length is critical, the
tubes should be ordered 1% longer than the required length to allow for
shrinkage which may occur during Alonizing.

Alonizing provides the required properties in that it combines the
corrosion resistance of aluminium, particularly at high temperatures, with
the strength of ferrous material, which is selected to suit the pressure and
temperature of the process. This may be carbon steels, chrome-moly
steels, ferritic and austenitic stainless steels, etc. Alonized components
are widely used in the petroleuni, petrochemical and chemical industries
for environments involving high-temperature gaseous phase oxidation,
sulphidation and/or carburisation. In these applications, Alonizing
provides a cheaper, long-life, alternative to high chrome and stainless
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18.6.1

The compositions of some copper allo
construction are given in Table 18.5. T
alloys are divided into groups based on

Designation system

ys used in heat exchanger
t will be seen that the wrought
their UNS number as follows:

Wrought products (C10000-C 79999)

UNS number Description Major alloying elements
in addition to copper

C10100-C15600 Coppers —

C16200-C19600 High coppers Iron

C20500-C28000 Brasses Zinc

C40400-C48500 Tin brasses Zinc, tin

C60600-C64400 Aluminium bronzes Aluminium

C66400-C69900 Special brasses Zinc, aluminium

C70100-C72900 Copper nickels Nickel, zinc

Not listed in Table 18.5

C31200-C38500 Leaded brasses Zinc, lead

C50100-C52400 Phosphor bronzes Tin

C53200-C54800 Leaded phosphor bronzes Tin, lead

C64700-C66100 Silicon bronzes Silicon

C73200-C79900 Nickel silvers Nickel, zinc
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18.6 Copper and copper alloys

High-purity copper is well known for its high thermal and electrical
conductivities, being second only to silver and nearly twice that of
aluminium. Copper generally provides good corrosion resistance against
dilute air-free acetic and sulphuric acids, caustic alkalis, sea water and the
atmosphere. .

In order to improve strength and corrosion resistance in certain
environments, elements such as iron, zinc, tin, aluminium and nickel are
added, although the resulting alloys have significantly lower thermal and
electrical conductivites. Copper and its alloys have good low-temperature
properties and may be used at temperatures of ~200 °C.

They are noted for being attacked by moist chlorine, moist ammonia
and its compounds, and minute quantities of mercury and its compounds.
Moist acetylene under pressure forms an explosive compound with
copper, and alloys having a copper content greater than 65% should not
be used. A major industrial application for copper and its alloys is in heat
transfer equipment involving a variety of cooling waters.
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Table 18.5 Composition of some copper alloys®™

Type UNS % composition (max. except where stated) Notes
number
cu Al N Fe zn Mn Sn Others
Copper(phosphorised)
low residual P 12000 . P = 0.04-0.012
99.9 min.  — — - — — -
high residual P Cl2200 min p-oos-00s0
Copper (phosphorised. arsenical)
in. — — _ _ _ _ P = 0.015-0.040
C14200  99.4 min. |As 1508
Copper-iron Cl9200 98.7min. — - 08-12  — — — P =001-004 —
Red brass C23000 84.0-860 — - 0.05 balance  — — Pb = 0.06 -
B C44300 :
Admiralty metal C Cada00  70.0-730 — — 0.06 balance  — 0.9-12  Ph =007 @
D Caaas0
Naval brass C46400  59.0-62.0 — —_ 0.10 balance — 0.5-1.0 Pb =02 3)
Aluminium bronze Co0800 93.0min.  5.0-65  — 0.10 - — - Pb =01 —
i - As = 0.02-0.35
Aluminium bronze D COM00 BRO-92.5  6.0-80  — 15-35 02 10 - P =001 —
Pb = 0.10
Aluminium-nickel .
bronze C63000 77.2-828 9.0-11.0  4.0-55  20-40 03 L5 0.2 Si = 0.25 -
) Pb = 0.07
Atuminium brass B C6BI00  760-790  18-25  — 0.06 balance  — - B oo —
95/5 Copper-nickel C70400 912 min.  — 48-6.2 Lo 0308 — Pb = 0.05 —
90/10 Copper-nickel C0600 865 min.  — 9.0-11.0 L0 10 - Pb = 0.05 @
80120 Copper-nickel C7000 740 min.  — 19.4 L0 10 - Pb = 0.05 -
70130 Copper-nickel C71500 650 min.  — 2, L0 10 - Pb = 0.05 @

Notes:

(1) Copper (oxygen frec. without residual deoxidants. C102(K) = 99.95% min. Cu.
(2) C44300: 0.02-0.10 As: C44400: 0.02-0.10 Sb; C44500; 0.02-0.10 P.
(3) As. Pb or P may be added up 10 0.10.

(4) For welding. Zn

L Pb=10.02.8=0.02C=0.
(5) Published by permission of ASTM. 1916 Race St. Pl ladelphia. Pa 19103, USA. (Part 6)

f specified by purchaser.
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offers a good corrosion resistance against most waters and sulphur-
bearing products. It is also immune to pitting and crevice corrosion.
However, it is prone to stress corrosion and erosion corrosion.

18.6.4 Naval brass

Naval brass is nominally 60% copper, 39% zinc plus 1% tin (60/39/1)
which is added for greater strength and to increase its resistance against
corrosion and dezincification. Its corrosion resistance is not as good as
admiralty brass but it is used for clad or solid tubesheets in moderately
corrosive conditions.
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The Copper Development Association Inc. (CDA) designates each
alloy by a CDA number and the UNS number adds two zeros to it. For
example, CDA 101 becomes UNS 10100.

18.6.2 Red brass

This alloy contains 85% copper and 15% zinc (85/15) and has good
resistance to corrosion and dezincification. Because of its relatively low
zinc content, however, it does not offer a high resistance to attack by
sulphur-bearing products and admiralty brass is usually preferred.

18.6.3 Admiralty brass

Admiralty brass is nominally 71% copper, 28% zinc and 1% tin (71/28/1)
and is used chiefly in the form of tubes. It is also available for clad or
solid tubesheets but its strength decreases rapidly above about 175 °C.
There are three alloys available differing only be the small quantity of
inhibitor (0.02-0.10%) which is added as arsenic, antimony or
phosphorus to prevent dezincification.

It has a low price compared with some of the other copper alloys, and
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18.6.7 Aluminium bronzes

Three aluminium bronzes are listed in Table 18.5 having 5-11%
aluminium with the addition in some cases of iron and nickel. The
presence of aluminium in the protective surface film promotes excellent
resistance to impingement attack and oxidation at high temperature.
Alloy 60800 is used as tube, whereas alloys 61400 and 63000 are used as
tubesheets because of their high strengths up to about 250 °C and 315 °C
respectively. Stationary, rear and floating heads, as complete aluminium
bronze castings, are sometimes used for low-pressure applications,
particularly cooling-water services.
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18.6.5 Muntz metal

Muntz metal (C28000 — not listed in Table 18.5) is similar to naval brass
but has no tin. It is often used as a baffle material.

18.6.6 Aluminium brass

Aluminium brass is one of the most widely used of all the copper alloy
tubes for a variety of cooling-water services. Its nominal composition is
78% copper, 20% zinc and 2% aluminium, and the small quantity of the
latter element is adequate to provide a highly stable protective film on
the tube surface. As a result, the alloy offers excellent resistance to
corrosion and impingement attack. The inclusion of 0.02-0.1% of arsenic
provides resistance to dezincification.
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18.6.8 Cupro-nickels

Although four cupro-nickel alloys are listed in Table 18.5 having nominal
percentages of copper/nickel of 95/5, 90/10, 80/20 and 70/30, the most
widely used alloys are the 90/10 and 70/30. Nickel is the major alioying
element, but it will be seen that all contain a small quantity of iron,
without which the alloys would have less resistance to impingement
attack.

Of all the copper alloys, the cupro-nickels provide the greatest
resistance to the various forms of attack, especially in high-velocity sea
water. In general the 70/30 alloy is slightly superior to the 90/10, but the
latter alloy is used where possible due to its lower cost. Caution is
required in the selection of these alloys for use in fluids containing
sulphur and its compounds.

The 90/10 and 70/30 alloys are commonly used in the form of tube and
solid and or clad tubesheets, while the tubes may be welded to the
tubesheets if required. Although their strength is much inferior to that of
steel, they have good fabrication characteristics and the complete
exchanger may be manufactured from these alloys in solid form if
required.
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Stainless steels may be divided into five groups: austenitic, ferritic,
martensitic, duplex (austenitic/ferritic) and precipitation-hardening, the
grouping being related to metallurgical structure and not composition.
There are numerous stainless steels available but the ‘standard’ types are
given a three-digit type (or grade) number by the American Iron and
Steel Institute (AISI), such that the 200 and 300 series relate to the
austenitic group, and the 400 series to the ferritic and martensitic groups.

‘Non-standard’ or proprietary stainless steels are given various type or
grade designations. There is a vast number of proprietary alloys available
and only a small number can be discussed in this chapter. The inclusion
of a particular trade name and maker for the ‘non-standard’ stainless
steels, discussed in the chapter, does not imply that the alloy is only
available from that maker, or that it is superior to other proprietary
alloys not listed. The comments regarding corrosion resistance eic., are
those given in the makers’ brochures and are not the author’s.

The compositions of some standard and ‘non-standard’ stainless steels
used in heat exchanger construction are given in Tables 18.6(a)-18.6(e).
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18.7 Stainless steels

Stainless steels are iron alloys containing at least 10% chromium, the
latter element contributing to their superior corrosion resistance and
staining compared with carbon and low-alloy steels. The term ‘stainless’
originates from the fact that steels containing more than about 10%
chromium are free from corrosion under unpolluted atmospheric
conditions. A thin surface film, which is self-healing in many
environments, provides the resistance to corrosion. Although used
primarily for their corrosion resistance, stainless-steels generally offer
good mechanical properties at both elevated and low temperatures,
non-contamination and ease of fabrication.
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18.2.2 Galvanic corrosion

When two dissimilar metals are in contact with one another, either
physically or electrically, in a corrosive or conductive solution
(electrolyte), any potential difference which exists produces a flow of
electrons between them. Compared with their resistance to corrosion
when not in contact with one another, there is usually an increase in
corrosion of the less noble or less corrosion-resistant metal, and a
reduction in the corrosion of the more noble or more corrosion-resistant
metal. The more noble end is termed the cathode and the less noble end
the anode. The mechanism is termed galvanic corrosion and may be
illustrated by a ‘dry’ cell battery in which the more noble carbon
electrode acts as the cathode, the less noble corroding zinc case acts as
the anode, and the current which is developed passes between them via
the moist conductive filler paste.
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The general-purpose types 302 and 304, for instance, together with
types 316 and 317, suffer sensitisation, or harmful carbide precipitation,
when exposed to temperatures of 500-800 °C, which is likely to occur
during welding, for instance. Carbon which is normally present in solution
diffuses to the grain boundaries where it combines with chromium to
form carbides. The zone adjacent to the grain boundaries, which is then
depleted of chromium, may be preferentially attacked by certain corrosive
media over a long period of time. When this type of attack occurs as a

result of welding, it is referred to as the more familiar ‘weld decay’.
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18.7.1 Austenitic group

Standard 200 series

The 200 series chromium content of 16-18% is similar to that of types
302 and 304, but about half of the 302's and 304’s 8-10% nickel has been
replaced by manganese and nitrogen. In the past when nickel was in short
supply, the 200 series became a useful substitute for the 300 series. They
also have a higher yield strength than the 300 series, but their corrosion
resistance is inferior.

Standard 300 series
The heart of the 300 series are the types 302 and 304 containing an
average of 18% chromium and 8% nickel (18/8), type 304 being the
_general-purpose stainless steel and produced in larger quantities than any
“of the others. Table 18.6(a) shows that these steels are modified by the
introduction of elements such as chromium, nickel, molybdenum,
titanium, niobium, tantalum and nitrogen. The 300 series cannot be
hardened by heat treatment and therefore exposure at elevated
temperature does not cause an appreciable change in hardness or tensile
strength. Unfortunately, certain metallurgical changes occur which affect

their corrosion resistance and toughness.
P S
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% composition (max. except where stated)®

Type UNS
number
cr Ni c Mn Mo T si P s N Others
201 520100 16.0-180 35-55  0.15 55-75 —  — 10 0060 0030 025 —
302 30200 17.0-19.0 8.0-100 0.5 20 - = 10 o045 000 01 @ —
304 530400 18.0-20.0 8.0-10.5 0.08 20 - - 10 0045 0030 01 @ —
304 $30403 18.0-20.0 8.0-12.0 0.03 2.0 - - 10 0045 0030 01  —
304N S30451 18.0-20.0 8.0-10.5 0.08 2.0 - - 1.0 0.045 0.030 0.10-0.16—
304H  §30409 18.0-20.0 8.0-11.0 0.04-0.10 2.0 - = 10 0040 0030 — -
309 $30900 220-24.0 12.0-15.0 0.15 2.0 - - 075 0040 0030 — -
3095 $30908 22.0-24.0 12.0-150 0.8 20 - - 10 0045 0030 — -
310 S31000 24.0-260 19.0-22.0 0.5 20 - = 10 0040 0030 — -
3108 $31008 24.0-26.0 19.0-22.0 0.08 20 - - 15 0045 0030 — -
316 $31600 16.0-180 10.0-14.0 0.08 20 20-30 — 10 005 0030 01 @ —
316L  $31603 16.0-18.0 10.0-14.0 0.03 2.0 2.0-3.0 — 1.0 0.045 0.030 0.1 —_—
316N 531651 16.0-18.0 10.0-14.0 0.08 20 20-3.0 — 10 0045 0030 0.10-0.16—
316H  $31609 16.0-18.0 10.0-14.0 0.04-0.10 2.0 20-30 — 10 0040 000 — -
317 §31700 18.0-200 11.0-15.0 0.08 2.0 30-40 — 10 0045 0030 01—
317L  §31703 18.0-20.0 11.0-15.0° 0.03 2.0 3.0-40 — 1.0 0.045 0.030 0.1 —_
321 $32100 17.0-19.0 9.0-12.0 0.08 20 — min:S(C+N) 10 0045 0030 0.1 —
max:0.7
32AH  $32109 17.0 min.  9.0-12.0 0.04-0.10 2.0 - mndC 10 ool 000 — -
330 NOS330 17.0-20.0 34.0-37.0 0.08 20 - - 0.75-1.50.030 0030 — g‘;: ;&55" =0.025
347 $34700 17.0-19.0 9.0-13.0 0.08 2.0 —_— -_— 1.0 0.045 0.030 — (beTl)-IDCmin.,'l,l max.
347H  $34709 17.0-20.0 9.0-130 0.04-0.10 2.0 - - 10 0040 0030 — (Cb+Ta)=8Cmin., 1.0 max.
348 SM800 17.0-19.0 9.0-13.0 0.08 20 - - 10 0045 0030 — (Cb+Ta)=10Cmin., 1.1 max.
Ta = 0.1, Co = 0.2
348H  $34809 17.0-200 9.0-13.0 0.04-0.10 2.0 - - 10 0040 0030 — _(r‘;"_*'z'fgf:“;-i““ max.
XMI1 §21903 19.0-21.5 5.5-7.5  0.04 80-100 —  — 10 0040 0030 015-04 —
XM1S 38100 17.0-19.0 17.5-18.5 0.08 20 - - 15-25 0030 0030 —
XMI19 $20910 20.5-23.5 11.5-13.5 0.06 40-60 1530 — 10 0040 0030 02-0.4 C‘?'oo"’l;oo";o
XM29 ‘524000 17.0-19.0 2.25-3.75 0.08 1n5-145 —  — 10 0060 0030 02-04 —
904L  N08904 19.0-23.0 23.0-28.0 0.02 2.0 40-50 — 10 0045 0035 — Cu = 1.0-2.0
20Ch  N08020 19.0-21.0 32.0-38.0 0.07 20 20-3.0 — 10 0045 0.035 (Cb+Ta)=8C to 1.0
20mod NOB320 21.0-23.0 25.0-27.0 0.05 25 40-60 4C 10 0040 0030 — -
28 NOBO2S 26.0-28.0 29.5-32.5 0.03 25 3.0-40 — 10 0030 0030 — Cu=06-14
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Table 18.6(b)

Composition of some ferritic type stainless steels®)

% Composition (max. except when stated)®

Type UNS
number
cr Ni c Mn Mo Ti si P S N Others
405 S40500 11.5-145 06 008 10 - - 1.0 0040 0.030 - Al=0.10-0.030
409 $40900 10.5-11.75 0.5 008 1.0 - min: 6C 1.0 0045 0.045 - -
max: 0.75

429 S42000 14.0-160 075 012 100 - - 1.0 0040 0030 . - -
430 s43000 16.0-180 075 012 10 - - 10 0.040 0030 - -
446 saa600 23.0-300 05 020 L5 - - 075 0.040 0.030  0.10-0.25
XM27 Sa4627 25.0-21.5 05 001 004 0.75-15 - 0.4 0020 0.020 0.5  Cb=0.05-020,

Cux0.20, (Ni+Cu)=0.5
XM33 sa4626 25.0-270 05 006 075 0T5-L5 0.20-1.00 075 0040 0.020 004  Cu=020

min.: 7(C+N)
18Cr2Mo  S44400 17.5-19.5 1.0 0025 1.0 - 1.0 0040 0030 0.035  (Ti+Cb)=02+4(C+N).
min. 0.80
29Cr-4Mo  S44700 28.0-30.0 0.5 0010 03 - 02 0025 0020 0020 (C+N)=0.025, Cu=0.15
29 Cr-4 Mo—2Ni S44800 28.0-30.0  2.0-2.5 0.10 0.3 - 02 0025 0020 0020  C+N=0.025, Cu=0.15
2544 544635 245-260 3.5-45 0.025 10 - 075 0.040 0030 0.035  Ti+Cb0.2+4(C+Njmin.
0.8 max.
Table 18.6(c) Composition of some martensitic type stainless steels'"
Type UNS % Composition (max. except when stated)®
number
cr Ni [ Mn Mo Ti st P s N Others

410 541000  11.5-13.5 0.75 015 L - - 1.0 0.040  0.030 - -
4105 $41008  11.5-13.5 0.6 0.08 1. - - 1.0 0.040  0.030 - -
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Table 18.6(d) Composition of some duplex type stainless steels()

% Composition (max. except when stated)®

Type UNS

number

cr Ni c Mn Mo ™ si P s N Others

329 $32900  23.0-28.0 2.5-5.0 0.08 1.0 - 075 0040 0030 - -
18 Cr-5 Ni-3 Mo S31500  18.0-19.0 4.25-5.25 0.03 1.2-2.0 - 14-20 0030 0030 - -
22Cr-6Ni-3 Mo S31803  21.0-23.0 4.5-6.5:0.03 2.0 - 1.0 0030 0.2 0.08-02 -
Table 18.6(e) Composition of 2 precipitation hardening austenitic stainless steel')
Type UNS % Composition (max, except when stated)®

number

Cr Ni (4 Mn Mo Ti St P s N Others
25Ni-15Cr-2Ti K63198  13.5-16.0 24.0-27.0 0.08 20 1.0-15  1.9-235 1.0 0.040  0.030 -  Al=0.35, V=0.1-0.5,
B=0.001-0.01

Notes:
(1) Published by permission of ASTM, 1916 Race St, Philadelphia, Pa 19103, USA.

(2) Balance = iron.
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Sensitisation may be overcome by reducing the carbon content of the
alloy to at least 0.03% as provided by the low-carbon versions of types
304, 316 and 317, namely, 304L, 316L and 317L. It may also be overcome
by adding elements such as titanium, niobium and tantalum during
steel-making, which tie-up the carbon and leaves little available to form
chromium carbides during subsequent heating in the critical temperature
range. These alloys are termed ‘stabilised stainless steels’, the stabiliser
being titanium for type 321, niobium + tantalum for type 347, and
niobium + restricted tantalum and cobalt for the nuclear application type
348. Matching welding electrodes or wires, containing niobium would be
used. Another method of preventing sensitisation of unstabilised stainless
steels is to anneal after welding at about 1050 °C, but this may be
expensive and difficult to carry out, particularly with large fabrications, or
site welds.

In order to improve the strength of types 304 and 316, nitrogen is
added and these steels are then designated types 304N and 316N. By
controlling the carbon content and grain size, better elevated temperature
creep and stress-rupture properties are obtained for types 304, 316, 321,
347 and 348 and these steels are designated type 304H, 316H, 321H,
347H, and 348H.

Sigma formation, an undesirable intermetallic phase, may occur as a
result of long exposure at temperatures in the range 565-925 °C. It
increases hardness, but at the expense of reduced ductility, corrosion
resistance and notch toughness. This problem is one encountered in
service, not heat treatment, because the rate of sigma formation is slow.
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The greater the chromium content the greater the possibility of sigma
formation, which is accentuated by the presence of molybdenum, titanium

and silicon. Increasing the nickel content reduces the possibility of sigma
formation.
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Type XM-11 (Armco Nitronic™ alloy 40)

The alloy has a nominal composition of 20% chromium, 6% nickel and
9% manganese and is available in two grades, one having a maximum
carbon content of 0.08% and the other 0.04%. The latter’s low carbon
content makes it resistant to intergranular attack and in many cases it
may be used in the as-welded condition. The room temperature yield of
this nitrogen-strengthened stainless steel is nearly twice that of types 304,
321 and 347, and its corrosion resistance is between that of types 304 and
316. In addition to good elevated temperature properties it retains high
strength and toughness at sub-zero temperatures.
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The chief disadvantage of the 300 series stainless steels is that the
alloys are prone to stress-corrosion cracking, particularly in hot chloride
solutions. High-nickel alloys or special stainless steels have been
developed to overcome this problem. The chloride content of the water
used for hydraulic testing of heat exchangers constructed of these stegls
must be considered. The maximum acceptable chloride level for testing
depends on the extent to which the exchanger can be drained afterwards
and the maximum metal temperature which will be experienced in
service. The water temperature is usually too low to cause stress-
corrosion cracking during test, but it will occur during service if the
exchanger operates at a higher temperature and all chlorides have not
been flushed away. Crevices holding chloride-containing water accentuate
the risk of stress-corrosion cracking, Hot-air drying should be employed
only after flushing-out.

If the service temperature exceeds 50 °C, a chloride content of
200 p.p.m, for instance, is acceptable for testing only if the exchanger can
be drained completely or flushed out with condensate or demineralised
water. If the service temperature never exceeds 50 °C a chloride content
of 200 p.p.m. is acceptable without special provision for draining or
flushing. However, caution should be exercised as a shell-and-tube
exchanger is not crevice-free and bellows cannot be drained.
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Type 904L (Uddeholm alloy NU stainless 904L.™)

The alloy has a nominal composition of 25% nickel, 20% chromium,
4.5% molybdenum and 1.5% copper, with a low carbon content of 0.02%
maximum, and was developed to resist corrosion in sulphuric acid.
However, as it has good resistance to stress-corrosion cracking, pitting

and crevice corrosion, it is used for many industrial applications including
sea water cooling.

Sandvik alloy 2RK65™

This is a similar alloy, produced by Sandvik Steel, to type 904L and not
listed in Table 18.6(a).
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18.2 Forms of corrosion

The forms of corrosion described in this section are based on Fontana
(1975).

18.2.1 Uniform attack

Corrosion occurs uniformly over the entire surface as a result of chemical
or electrochemical reaction between the metal and the fluid in contact
with it. It is the most common form of industrial corrosion. Unlike some
of the other forms of corrosion it is usually detected visually well before
failure, thus enabling remedial action to be taken, such as replacement,
change of material, coatings, inhibitors, cathodic protection, etc.
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Type XM-19 (Armco Nitronic™ alloy 50)

The alloy is a nitrogen-strengthened stainless steel which provides better
corrosion resistance than types 316 and 316L and also has nearly twice
the yield strength. Its nominal composition is 22% chromium, 13% nickel
and 5% manganese. It has good mechanical properties at both elevated
and sub-zero temperatures and is available as an economical replacement
where the properties of types 316 and 316L are marginal.

Type XM-29 (Armco Nitronic™ alloy 33)

The alloy is a low-nickel, high-manganese, nitrogen-strengthened stainless
steel having a nominal composition of 18% chromium, 3% nickel and
12% manganese. It is superior to type 304 in that it has nearly twice the
yield strength in the annealed condition, better resistance to stress-
corrosion cracking, low magnetic permeability even after severe cold
work, excellent strength and ductility at cryogenic temperatures, and
better resistance to wear and galling. It is available as an economical
replacement where the properties of type 304 are marginal.




image75.png
The alloy provides good resistance to sulphuric acid for concentrations
up to 50% and temperatures below 80 °C, and for greater concentrations
at temperatures below 65 °C. However, it also offers resistance to many
other fluids, including nitric acid (at concentrations and temperatures less

than 70% and 120 °C, respectively), phosphoric acid, organic acids,
alkalis and most waters.

Alloy 20 Mod (Haynes alloy No. 20 Mod™)

This Cabot Corp. alloy has a nominal composition of 26% nickel, 22%

chromium, and 5% molybdenum. It offers a resistance to corrosion and
chloride pitting intermediate to that of the austenitic stainless steels and
the Hastelloys™.

Alloy Al-6X (Allegheny Ludlum Corp. alloy AL-6X™)

The alloy, not listed in Table 18.6(a), has a basic composition of 24.5%
pickel, 20.25% chromium and 6.25% molybdenum. It was developed for
service in chloride environments, such as sea water, where it provides
outstanding resistance to pitting, stress corrosion and crevice corrosion.
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Alloy 20 Cb (Carpenter alloy 20 Cb-3™)

The original Carpenter alloy 20 was developed in 1951 to provide a metal
having a corrosion resistance to sulphuric acid superior to that of the
other stainless steels. This was followed by a niobium stabilised version
(alloy 20 Cb) which could be used in the as-welded condition. Later,
more nickel was added to provide an alloy which is virtually immune to
stress-corrosion cracking (alloy 20 Cb-3), its composition being nominally
20% chromium 34% nickel, 35% iron, 3.5% copper with the addition of
niobium + tantalum up to 1% maximum.
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as widely as the 300 series.

Compared with the 300 series, their toughness, formability and
corrosion resistance is lower, but because of their low nickel content, they
are cheaper and have the added advantage that they are considered to be
almost immune from chloride stress-corrosion cracking. The 400 series is
similar to the 300 series in that the alloys cannot be hardened by heat
treatment, but exposure at certain temperatures causes metallurgical
changes which adversely affect corrosion resistance and other properties.

Ferritic stainless steels are subject to embrittlement following long
exposure to temperatures of 400-550 °C, whereas austenitic stainless
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Alloy 28 (Sandvik Sanicro™ 28)

This is an all-purpose austenitic, low-carbon stainless steel with a nominal
composition of 31% nickel, 27% chromium, 3.5% molybdenum and 1%
copper, originally developed for use in the manufacture of phosphoric
acid. The alloy has good resistance to sulphuric acid and also to
hydrochloric, hydrofluoric and hydrofluosilicic acids when they occur as
contaminants. It is completely resistant to acetic acid at all temperatures
and concentrations at atmospheric pressure. It is also suitable for sea
water and sodium hydroxide.

18.7.2 Ferritic group

Standard 400 series

The compositions of some 400 series ferritic stainless steels, including the
better known 13% and 17% chrome steels (types 405 and 430), are listed
in Table 18.6(b), from which it will be seen that the chromium content
lies in the range 10.5-30%. Unlike the 300 series, however, there is little
nickel, being less than 0.75%. Corrosion resistance increases as the
chromium content increases, but the higher chromium content may
provide fabrication problems as described later. The 400 series is not used
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Type XM-27 (Allegheny Ludlum Corp. E-Brite™)

E-Brite is a high-purity ferritic stainless steel which has nominally 27%
chromium and 1% molybdenum, with exceptionally low levels of carbon
and nitrogen and controlled low levels of nickel and copper. Compared
with the standard austenitic and ferritic stainless steels, its ferritic
structure, combined with a low nickel and copper content, gives this alloy
a superior resistance to stress-corrosion cracking. It is also superior with
regard to pitting and crevice corrosion.

It has good corrosion resistance to sodium hydroxide, nitric acid,
amines, ammonium carbamate and organic acids. Because of its high
chromium content, substantial resistance is offered at high temperatures
to oxidation and sulphidation. It has been shown to be resistant to wet
air/sulphur dioxide mixtures and combustion gases at 816 °C. The alloy is
subject to 475 °C embrittlement following extended exposure at 370—

570 °C and its strength falls off rapidly above 540 °C.
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steels do not experience such attack. An increase in hardness is
accompanied by a reduction in ductility and toughness at and below the
service temperature. Because the worst embrittlement occurs at about
475 °C, the phenomenon is termed ‘475 °C (or 885 °F) embrittlement’ and
_becomes more pronounced with increasing chromium content above 13%.
Significant embrittlement has been observed at temperatures of only
315 °C with a chromium content of 15% after an exposure time of about
3000 hours.
Although 475 °C embrittlement may be remedied by reheating to
600 °C, prolonged heating of these steels having a chromium content
greater than 20% may cause sigma formation, as mentioned in section
18.7.1. Cold work and the presence of molybdenum assist sigma
formation. Any area of the weld and heat-affected zone, which has
- reached a temperature of about 900 °C or greater, is prone to
intergranular attack, but unlike the 300 series, the problem is not
remedied by a reduction in carbon content or the addition of stabilising
elements. Re-annealing the steel to about 800 °C is a remedy.
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particularly sea water, and is also resistant to erosion attack from both
impinging steam and sand or debris at the inlet to the tubes. It is also
highly resistant to pitting, crevice corrosion and stress-corrosion cracking.

25-4-4 alloy (Uddeholm alloy NU Monit™)

This is a titanium stabilised ferritic steel, with extra low carbon and
nitrogen contents, having a nominal composition of 25% chromium, 4%
nickel and 4% molybdenum. It was developed to resist corrosion in sea
water and other corrosive media containing chlorides.

18 Cr — 2 Mo (Uddeholm alloy NU EL1-T18-2™)

The composition of NU EL1-T18-2 is nominally 18% chromium, 2% -
molybdenum, with 0.4% titanium and low-carbon and nitrogen contents.
Its general corrosion resistance is similar to type 316, but is immune to
stress-corrosion cracking and intergranular corresion. With regard to
pitting and crevice corrosion, it is similar to type 316, and its thermal
expansion coefficient is about 40% lower than the standard austenitics.
The alloy is used widely in applications where there would be a risk of
stress corrosion with the standard austenitics.




image82.png
Type 29 Cr — 4 Mo -2 Ni (Allegheny Ludium Corp. alloys AL29-4-2™ and
29-4C™) : ‘
Alloy AL29-4-2 is another high-purity ferritic stainless steel which has
nominally 29% chromium, 4% molybdenum, 2% nickel, with
exceptionally low levels of carbon and nitrogen. In general it provides an
even better resistance to stress-corrosion cracking, pitting and crevice
corrosion than E-Brite. It was developed to provide superior resistance to
corrosion by aggressive environments and its corrosion-resistance
properties are often comparable to titanium and high-nicke! alloys.
AL29-4C is another alloy produced by the same company specifically
for power plant surface condenser tubing. Its nominal composition is 29%
chromium and 4% molybdenum which was considered to provide the best
balance of corrosion resistance, ductility and cost. A small controlled
amount of titanium has been added to combine with carbon and nitrogen
to improve weldability, toughness and resistance to intergranular
corrosion. It has excellent resistance to a wide range of corrosive media,
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18.7.4 Duplex (austenitic/ferritic) group

Standard 300 series

Duplex stainless steels contain both austenite and ferrite and the
composition of the only standard steel, type 329, is shown in Table
18.6(d), the chromium and nickel contents being 23-28% and 2.5-5%,
respectively. The amount of the austenitic and ferrite phases may be
altered by the addition of austenite stabilisers (carbon, nitrogen, nickel)
and ferrite formers (molybdenum, silicon, titanium, aluminium).

The duplex stainless steels are noted for their high yield strengths,
being about double those of the ‘standard’ austenitics and ferritics listed.
In the annealed condition, they offer better resistance to stress-corrosion
cracking than the low-alloy austenitics. They are also more resistant to
sensitisation, but less resistant to crevice corrosion and pitting.
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Regarding the relative areas of the anode and cathode the undesirable
situation is a large cathode and a small anode. A well publicised example
is a comparison of riveted copper and steel plates immersed in sea water.
The copper plates (large cathode) have steel rivets (small anode) and
rapid corrosion of the steel rivets occurs due to the undesirable area
ratio. In the case of steel plates (large anode) and copper rivets (small
cathode), the area ratio is more favourable; although the steel corrodes, a
good joint is maintained as the more noble copper is resistant to sea
water.
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18.7.3 Martensitic group

The standard 400 series martensitic stainless steels have a chromium
content of 11.5-18% and the most popular of these is the 12% chrome,
type 410, the composition of which is given in Table 18.6(c), together
with its lower carbon version type 410S. They can be hardened by heat
treatment and are selected when good mechanical properties are required
in a moderately corrosive environment. The 300 series has a greatly
superior corrosion resistance but like the 400 series ferritics, the
martensitics are considered almost immune to chloride stress-corrosion
cracking. Although cheaper than the 300 series, the 400 series are less
widely used.
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18.7.5 Precipitation hardening group

The alloy listed in Table 18.6(¢), with a nominal composition of 25%
nickel, 15% chromium and 2% titanium, is used when bolts having high
strength at elevated temperatures are required. The thermal expansion
coefficients are similar to those of the austenitic stainless steels.
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18 Cr - 5 Ni - 3 Mo alloy (Sandvik alloy 3RE 60™)

This low-carbon alloy has high resistance to stress-corrosion cracking and
is well suited for tubes in heat exchangers dealing with water of moderate
chioride content. It has good resistance to general corrosion, pitting and
corrosion fatigue and also has a yield strength nearly twice that of the
austenitic types. The makers recommend their alloy 2RK65, where the
chloride content is so high as to demand a metal with even greater
resistance to pitting and stress corrosion.

Sandvik alloy SAF2205

This is a22% chromium, 5.5% nickel, 3% molybdenum, nitrogen-alloyed
low-carbon duplex alloy, not listed in Table 18.6(d), designated SAF2205.
It has high resistance to stress-corrosion cracking in chloride and
hydrogen sulphide-bearing media.

22 Cr—6 Ni-3 Mo alloy (Uddeholm alloy NU stainless 744LN™)
This is another nitrogen-alloyed Iow-carbon duplex alloy, with similar
properties to Sandvik 3RE60.




image87.png
Tesistance to caustics is based on the latter.

Excellent corrosion resistance against flowing sea water is provided by
nickel 200, but localised attack may occur in stagnant water, particularly
if fouling organisms or deposits are permitted to accumulate. Its
resistance against organic acids at all concentrations is excellent, while
useful resistance is offered against other acids such as de-aerated
sulphuric acid solutions at room temperature, aerated or de-aerated
hydrochloric acid up to 30% concentration at room temperature,
quiescent hydrofluoric acid up to 600 °C, and anhydrous hydrofluoric acid
at clevated temperatures. Nickel 200 may also be used for dry bromine
and fluorine at room temperature, dry chlorine up to 600 °C and dry
hydrogen chiloride up to 700 °C. Wet chlorine and hydrogen chloride
behave as hydrochloric acid.
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18.8 Nickel and high-nickel alloys

There is a vast number of proprietary nickel alloys available and only a
small number can be mentioned. The inclusion of a particular trade name
and maker does not imply that the alloy is only available from that
maker, or that it is superior to other proprietary alloys not listed. The
comments regarding corrosion resistance, eic., are those given in the
makers’ brochures and are not the author’s.

The compositions of some nickel alloys used in heat exchanger
construction are given in Table 18.7. .

18.8.1 Nickel (alloy 200) and low-carbon nickel {alloy 201)

Nickel alloys 200 and 201 are both commercially pure wrought nickels,
nickel 201 having a controlled low-carbon content. Nickel 200 offers good
mechanical properties and has excellent corrosion resistance against a
variety of fluids. It is considered non-toxic which makes it especially
suitable for maintaining the product purity of foods. Although most
suitable for reducing conditions, it is suitable for oxidising conditions
which promote the formation of a passive oxide film. Its outstanding
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Table 18.7 Composition of some high nickel alloys"

Alloy UNS % Composition (max. except where stated)
number
Ni cr Fe Mo Cu si Mn C Others

200 N02200 99.0 - 0.4 - 0.25 035 035 015 s = 0.01

201 N0201 9.0 - 0.4 - 025 035 035 002 S =0.01

400 NO4400 63.0 min. - 25 - 260-340 05 20 030 s =-0.024

600 NO6600 72.0 min. 14.0-17.0 6.0-100 - 0.5 05 10 015 S = 0.015

625 omin,  200-23.0 5.0 0-10. ~ . . ) (Cb + Ta) = 3.15-4.15, Co = 1.0

NOG6625 58.0 min. 20.0-23.0 5 8.0-10.0 05 05 010 {s-oms,r-o.oxs‘
Al=04.Ti=04

:ggH :Om' "m° 30.0-35.0 19.0-220 39.5min. - 0.75 0 15 m;_%}; 0.1 s ;i“;o")s;sﬂ,'ﬁ 0.15-0.6,

5 NOSS2S 38.0-460 19.5-23.5 220min.  2.5-30 1.53.0 05 10 005 S = 0.03, Al = 0.2, Ti = 0.6-1.2

B2 NI066S 68nom. 1.0 2.0 26.0-300 - 01 10 002 $ = 0.03, P = 0.04, Co = 1.0
V = 0.5, (Al + Ti) = 0.5, B = 0.01

. 6.0-84 . 0-180 035 X ! .04-0.4

N NI0003 70nom. 60-80 5.0 15.0-1 03 10 10 0.04-008 s s,

Co=02,W=05
. 5-23.0 17.0-200 0-100 - . . 05-0. W =02-10

X NOGD02 49 nom.  20.5-23.0 17.0-20. 8.0-10. 10 10 0.05-0.15 N O 004, Co = 05-25

C4 NOG44S 64nom.  14.0-180 3.0 140-17.0 - 008 10 0015 § =003, P = 0.04,
Ti = 007, Co = 2.0
W = 3.0-45,V = 035

X . 5-165  4.0-7. 0-17.0 - 08 1. Y .
€276 N10276 S9nom.  14.5-16.5 4.0-7.0 15 [ 10 002 Y bon Co = 25
. . . ! (Cb + Ta) = 1.75-2.5

G NO6007 42nom.  21.0-23.5 180-21.0  5.5-75 15-2.5 10 10-2.0005 T i Coszs. Wel

G2 NO69TS 47.0-52.0 23.0-260 balance 50-7.0 07-12 10 10 003 § =003, P = 0.03, Ti = 0.7-1.5

Note:

(1) Published by permission of ASTM (Part 8), 1916 Race St, Philadelphia, Pa 19103, USA.
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The resistance to caustic soda and other alkalis at all concentrations up
to and including the molten state, is outstanding. It is not subject to stress
corrosion cracking and has excellent resistance against non-oxidising
halides, most organic compounds containing chlorine, bromine and
fluorine, plus many chlorides with the exception of ferric, cupric and
mercuric chlorides which are highly corrosive.

Nickel 201 has similar properties and applications, but is not subject to
embrittlement by the intergranular precipitation of carbon or graphite
when given lengthy exposure at 300~700 °C. It is therefore preferred to
nickel 200 above 300 °C for alkalis.
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As it does not suffer from nitride formation, it is used for nitriding
plant. It is resistant to dry chlorine, dry hydrogen chloride, all
concentrations of.ammonia, hot fatty acids and hot concentrated solutions
of magnesium chloride.
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18.8.3 Nickel-chromium—iron alloy {Inconel™ 600)

Inconel 600, which is nominally 76% nickel, 15% chromium and 8% iron,
has good high-temperature strength up to 1150 °C and is resistant to high
temperatures and chemical corrosion. It resists attack by nitrogen/
hydrogen mixtures and gaseous ammonia at high temperatures and is a
standard material for ammonia cracker systems.




image93.png
18.8.2. Nickel-copper alloy (Monel™ 400)

Monel 400, which contains a minimum of 63% nickel and 28% copper,
plus iron and manganese, was first made over seventy-five years ago and
is regarded as one of the most versatile nickel alloys on the market for
general engineering applications. It offers good strength, ease of
fabrication and excellent corrosion resistance against a variety of fluids.
Although it has a high modulus of elasticity and its thermal expansion
coefficient is only slightly greater than steel, it has a low thermal
conductivity, being roughly half that of steel at 100 °C.

Its resistance to sea water, particularly at velocities greater than 3 m/s,
is superior to the copper alloys described in scction 18.6, including 70/30
cupro-nickel. It offers good resistance against deaerated sulphuric acid at
temperatures below 100 °C and 80% concentration, de-aerated
hydrochloric acid below 50 °C and 20% concentration and hydrofluoric
acid below 50 °C.
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